Introduction
============

Glioblastoma (GBM) is the most common primary brain tumor ([@b1-or-41-05-2703]). According to the World Health Organization classification, it is considered a grade IV malignancy, and its standard treatment entails surgery, radiotherapy and chemotherapy ([@b2-or-41-05-2703],[@b3-or-41-05-2703]). However, the diffusely infiltrative growth pattern of GBM typically prevents total surgical resection, resulting in rapid tumor recurrence ([@b4-or-41-05-2703]). Despite improvements in diagnostic and therapeutic strategies, the clinical prognosis for patients with high-grade gliomas remains poor, with a typical median survival of \<16 months ([@b2-or-41-05-2703]). Temozolomide, a chemotherapeutic agent commonly used against gliomas, only extends patient survival by a few months ([@b2-or-41-05-2703],[@b5-or-41-05-2703],[@b6-or-41-05-2703]). Therefore, intensive research is now focused on the development of improved treatment strategies.

Tumor hypoxia is a pivotal factor involved in promoting GBM progression and its marked resistance to radiation and chemotherapy ([@b7-or-41-05-2703]--[@b9-or-41-05-2703]). An insufficient oxygen supply prompts a number of adverse metabolic changes and intensifies angiogenesis and apoptosis ([@b10-or-41-05-2703]). These changes are predominantly regulated by hypoxia-inducible factor-1 (HIF-1), which comprises two subunits: α and β ([@b8-or-41-05-2703],[@b11-or-41-05-2703],[@b12-or-41-05-2703]). HIF-1α expression strongly depends on the cell oxygenation level ([@b13-or-41-05-2703]).

Hyperbaric oxygen (HBO) therapy improves neoplastic tissue oxygenation and inhibits HIF-1α activity ([@b14-or-41-05-2703]--[@b16-or-41-05-2703]). Theoretically, improved oxygenated tumor tissue may become more susceptible to anticancer therapies. HBO is widely used as an adjunctive treatment for various pathological states, including inadequately healing wounds, decompression sickness and carbon monoxide poisoning ([@b17-or-41-05-2703]). Previous studies have investigated its use in oncology in combination with radiotherapy, chemotherapy, photodynamic therapy and surgery ([@b10-or-41-05-2703],[@b14-or-41-05-2703],[@b16-or-41-05-2703],[@b18-or-41-05-2703]). Although some of these studies have reached the clinical trial phase, HBO is not yet widely applied in cancer treatment.

Tumor progression is commonly accompanied with the development of resistance mechanisms to medical treatment, which suggests more effective chemotherapeutic agents for innovative treatments are necessary ([@b4-or-41-05-2703]). Heterocyclic isothiourea derivatives, also called pentabromobenzyl-isothioureas (ZKKs), are a novel promising group of cytotoxic compounds. Their proapoptotic and cytotoxic properties toward various tumor cells, including GBM, have been demonstrated *in vitro* ([@b19-or-41-05-2703],[@b20-or-41-05-2703]). ZKKs have a chemical structure similar to casein kinase 2 (CK2) inhibitors, including benzotriazoles (TBB) and benzimidazoles (TBI and DMAT) ([@b21-or-41-05-2703]). However, ZKKs do not effectively inhibit CK2 activity. Studies using a wide panel of protein kinases have indicated that N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)- isothiouronium bromide (ZKK-3) specifically inhibits kinases other than CK2, including protein kinase D1 (PKD1) ([@b21-or-41-05-2703],[@b22-or-41-05-2703]). Notably, PKD1 mediates the detoxification of mitochondrial reactive oxygen and nitrogen species, protecting cells from oxidative stress ([@b23-or-41-05-2703]). Disruption of PKD1 expression can promote the development of numerous pathological states, including neoplastic processes ([@b24-or-41-05-2703],[@b25-or-41-05-2703]).

In the present study, the effects of various oxygen conditions on the cytotoxic potential of ZKK-3 against the T98G GBM cell line were examined. Cells were maintained under conditions of normoxia, anoxia, hypoxia, hyperbaric oxygen (HBO), hypoxia/hypoxia, and hypoxia/HBO, and ZKK-3 was applied at concentrations of 10, 25 and 50 µM. The cell proliferation and viability, and protein expression levels of HIF-1α, PKD1, phosphorylated (p)PKD1 (Ser 916) and pPKD1 (Ser 744/748) kinases were evaluated.

Materials and methods
=====================

### Cell line

Experiments were conducted using the human GBM T98G cell line (American Type Culture Collection, Manassas, VA, USA). Cells were maintained at 37°C in an atmosphere containing 95% absolute humidity and 95% air/5% CO~2~ in minimum essential media (MEM; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin/streptomycin solution (Gibco; Thermo Fisher Scientific, Inc.) and 1% non-essential amino acid solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).

### Examined compound and oxygen conditions

The modified isothiourea derivative ZKK-3 ([Fig. 1](#f1-or-41-05-2703){ref-type="fig"}) was synthesized by Professor Zygmunt Kazimierczuk according to a previously described procedure ([@b20-or-41-05-2703]). The compound was dissolved in dimethyl sulfoxide (DMSO; AppliChem GmbH, Darmstadt, Germany) and added to the culture medium at concentrations of 10, 25 and 50 µM. Control cultures were grown in standard conditions with DMSO but without ZKK-3 application (0 µM).

Cells were cultured under different gas mixtures with varying oxygen contents as follows: Normoxia (21% O~2~/5% CO~2~/74% N~2~ was applied for 24 h post-ZKK-3 treatment), anoxia (5% CO~2~/95% N~2~ was applied for 24 h post-ZKK-3 treatment); hypoxia (1% O~2~/5% CO~2~/94% N~2~ was applied for 24 h post-ZKK-3 treatment); HBO (97.5%O~2~/2.5% CO~2~ under pressure of 2 ATA was applied for 1 h post-ZKK-3 treatment, which was followed by 23 h of normoxia); hypoxia/hypoxia (double hypoxia; hypoxic gas (1% O~2~/5% CO~2~/94% N~2~) was applied for 24 h prior to ZKK-3 treatment, and then for an additional 24 h post-ZKK-3 treatment); and hypoxia/hyperbaric oxygen (hypoxia/HBO; hypoxia was applied for 24 h prior to ZKK-3 treatment, and HBO was applied post-ZKK-3 treatment). Anoxia and hypoxia experiments were performed in a Modular Incubator Chamber (MIC-101; Billups-Rothenberg, San Diego, CA, USA), whereas HBO experiments were conducted using a hyperbaric chamber (own design).

### Cell proliferation rate assessment

T98G cells, seeded in dishes (6-cm diameter) at a density 1.2×10^5^ cells/dish, were incubated using a HERAcell 150i CO~2~ Incubator (Thermo Fisher Scientific, Inc.) for 24 h with ZKK-3 at concentrations of 10, 25 and 50 µM, at 37°C under various oxygen conditions, and the number of cells was subsequently determined. For this process, the medium was removed, and the cells were washed with phosphate-buffered saline (PBS), trypsinized with 0.05% Trypsin-EDTA (both from Gibco; Thermo Fisher Scientific, Inc.), and rotated for 10 min at 200 × g at 4°C (Laboratory Centrifuge MPW-350R; MPW Med. Instruments, Warsaw, Poland). Following this, the pellet was suspended in 1 ml MEM and 4 ml Coulter Isoton II Diluent (Beckman Coulter, Inc., Indianapolis, IN, USA). The cell numbers were counted using a Multisizer 3 cell counter (Beckman Coulter, Inc.). Control cells were grown under the examined oxygen conditions without ZKK-3. These investigations comprised at least six independent experiments with three repetitions in each (*n*≥18). Pairwise comparisons of T98G cell proliferation under different oxygen conditions were performed as follows: Normoxia vs. anoxia, normoxia vs. hypoxia, normoxia vs. HBO and hypoxia vs. HBO.

### Cell viability assay

T98G cells, seeded in 96-well plates at a density 5×10^3^ cells/well, were incubated for 24 and 48 h with ZKK-3 at concentrations of 10, 25 and 50 µM at 37°C under various oxygen conditions and the viability was subsequently determined. In the 24 h examination, cells were treated with the CellTiter 96 AQ~ueous~ One Solution Cell Proliferation Assay (Promega Corporation, Madison, WI, USA) and incubated at 37°C for 3 h. The absorbance was measured at 490 nm using spectrophotometer (Epoch Microplate Reader; BioTek Instruments, Inc., Winooski, VT, USA). In the 48 h test, following the first 24 h incubation, the culture medium was replaced with fresh MEM containing ZKK-3, and cells were again incubated for 24 h at 37°C under the examined oxygen conditions. Following this, the viability was assessed using the CellTiter 96 AQ~ueous~ One Solution Cell Proliferation Assay and spectrophotometer, as described above. Control groups included cells sustained under the examined oxygen conditions without ZKK-3. The study comprised at least five independent experiments with 10 repetitions in each (*n*≥50). Pairwise comparisons of the viability of T98G cells under different oxygen conditions were performed as follows: Normoxia vs. anoxia, normoxia vs. hypoxia, normoxia vs. HBO and hypoxia vs. HBO.

### Determination of HIF-1α expression level

T98G cells were cultured with the examined compound under various oxygen conditions and lysed using the radioimmunoprecipitation assay lysis buffer system (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) according to the protocol of the manufacturer. HIF-1α expression was assessed by determining the HIF-1α protein expression level in cell lysates using the HIF-1A ELISA kit (cat. no. EHIF1A5; Thermo Fisher Scientific Inc.) according to the protocol of the manufacturer. The total protein level in the cell lysates was evaluated using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.) according to the protocol of the manufacturer.

### Determination of the expression levels of PKD1 and its phosphorylated forms

The expression levels of PKD1 and its phosphorylated forms were evaluated using western blot analysis. Cells were lysed using the RIPA Lysis Buffer System (Santa Cruz Biotechnology, Inc.) according to the protocol of the manufacturer, and the total protein level in the cell lysates was evaluated using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.) according to the protocol of the manufacturer. Cell lysates, containing total protein, were mixed with Laemmli 2X Concentrate Sample Buffer (Sigma-Aldrich; Merck KGaA) and loaded (20 µg total protein per lane) onto Mini-PROTEAN TGX Precast Gels (8--16%; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Following this, the proteins were electrotransferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membranes were washed in PBS, blocked for 1 h in non-fat 5% milk (for PKD1) or 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) for phosphorylated forms of PKD1 at 4°C, and subsequently incubated for 15 h at 4°C with primary antibodies against PKD/PKCµ (cat. no. 2052; 1:500 dilution; polyclonal, rabbit; Cell Signaling Technology, Inc., Danvers, MA, USA), Phospho-PKD/PKCµ (Ser 916) (cat. no. 2051; 1:1,000 dilution; polyclonal, rabbit; Cell Signaling Technology, Inc., Danvers, MA, USA), or Phospho-PKD/PKCµ (Ser 744/748) (cat. no. 2054; 1:1,000 dilution; polyclonal, rabbit; Cell Signaling Technology, Inc.). Following this, the membranes were washed three times in Tris-buffered saline with Tween-20 washing buffer and then twice in Tris-buffered saline washing buffer. The membranes were subsequently incubated at 37°C for 2 h with secondary anti-rabbit IgG, horseradish peroxidase (HRP)-linked antibody (cat. no. 7074; 1:1,000 dilution; polyclonal, goat anti-rabbit; Cell Signaling Technology, Inc.). Protein bands were detected using Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences, Little Chalfont, UK), Carestream Medical X-ray film, Carestream Dental X-ray Developer and Carestream Dental X-ray Fixer (Carestream Dental; Carestream Health Inc., Rochester, NY, USA). Monoclonal anti-β-actin clone AC-15 (cat. no. A5441; 1:20,000 dilution; mouse; Sigma-Aldrich; Merck KGaA) and secondary chicken anti-mouse IgG-HRP (cat. no. sc-2954; 1:5,000 dilution; polyclonal; Santa Cruz Biotechnology, Inc.) were used as loading controls. The temperature and duration of incubation were the same as those indicated for primary and secondary antibodies indicated above, respectively. The grey value of the protein bands was determined using ImageJ 1.50i software (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

Statistical analysis of the data was performed using one-way analysis of variance and the Tukeys post hoc test. Results were expressed as the mean ± standard error. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cell proliferation rate

Application of 25 and 50 µM ZKK-3 resulted in a markedly decreased numbers of cells compared with the controls under normoxia and anoxia, respectively ([Fig. 2A](#f2-or-41-05-2703){ref-type="fig"}). In cells without ZKK-3 or those treated with 10 µM ZKK-3, markedly reduced proliferation under oxygen deprivation was indicated when compared with standard conditions. Statistical analysis revealed that the application of 25 and 50 µM ZKK-3 significantly decreased cell proliferation by 41 and 80% under normoxia, and by 31 and 75% under anoxia, respectively, compared with the controls ([Fig. 2B](#f2-or-41-05-2703){ref-type="fig"}). Furthermore, anoxia alone or combined with 10 µM ZKK-3 caused the number of living cells to significantly decrease by 18 and 15%, respectively, relative to standard culture conditions. With 25 and 50 µM ZKK-3 treatment, cell proliferation was similar under both oxygen conditions.

Under standard conditions, the number of cells markedly decreased with increasing ZKK-3 concentrations ([Fig. 3A](#f3-or-41-05-2703){ref-type="fig"}). However, under hypoxia, cell proliferation was not significantly changed under specific ZKK-3 concentrations. Statistical analysis revealed that the number of T98G cells declined with increasing ZKK-3 concentrations under normoxic and hypoxic conditions when compared with the controls. Notably, this decrease was statistically significant for cells treated with 25 and 50 µM ZKK-3 under normoxia (32 and 63%, respectively) and hypoxia (20 and 48%, respectively) compared with the controls. With 50 µM ZKK-3, there were 40% more cells under hypoxia compared with cells under normoxia. With other ZKK-3 concentrations, no significant differences were observed between the number of cells under hypoxia when compared with normoxia ([Fig. 3B](#f3-or-41-05-2703){ref-type="fig"}).

In control groups and groups treated with 10 µM ZKK-3, similar numbers of GBM cells were observed under normoxia and HBO conditions ([Fig. 4A](#f4-or-41-05-2703){ref-type="fig"}). Incubation with 25 and 50 µM ZKK-3 resulted in diminished proliferation compared with the respective controls, particularly following exposure to HBO. Statistical analysis of the proliferation assay results confirmed that application of 25 and 50 µM ZKK-3 combined with HBO significantly reduced the number of GBM cells ([Fig. 4B](#f4-or-41-05-2703){ref-type="fig"}). Notably, under normoxia and HBO, respectively, treatment with 25 µM ZKK-3 significantly reduced proliferation to 66 and 70% of control cells, while 50 µM ZKK-3 significantly reduced proliferation to 33 and 20% of control cells. A statistically significant 45% difference in the extent of cell number reductions with 50 µM ZKK-3 was identified between normoxia and HBO conditions.

Following incubation with 25 and 50 µM ZKK-3, the number of morphologically intact T98G cells was reduced under HBO compared with hypoxia ([Fig. 5A](#f5-or-41-05-2703){ref-type="fig"}). In control groups and cultures treated with 10 µM ZKK-3, cell numbers were similar under hypoxic and HBO conditions. Statistical analysis revealed that treatment with 25 and 50 µM ZKK-3 significantly reduced the number of neoplastic cells to 78 and 43% of control under hypoxia, and to 67 and 29% of control under HBO, respectively ([Fig. 5B](#f5-or-41-05-2703){ref-type="fig"}). For these ZKK-3 concentrations, the decrease in cell number was 10 and 30% greater, respectively, under HBO when compared with hypoxic conditions.

### Cell viability

GBM cell viability was significantly diminished following 24 h of incubation with 10, 25 and 50 µM of ZKK-3 under normoxia (by 32, 42 and 67%, respectively) as well as under anoxia (by 36, 57, and 77%, respectively) when compared with the controls ([Fig. 6A](#f6-or-41-05-2703){ref-type="fig"}). The number of living cells significantly differed between standard and anoxic conditions in control groups (increased by 101%) and groups that were treated with 10 or 25 µM ZKK-3 (increased by 90 and 50%, respectively). In the 48 h experiment, 10, 25 and 50 µM ZKK-3 treatment resulted in significantly decreased cell viability, with decreases of 49, 71 and 83% under normoxia, and 61, 83 and 93% under anoxia, respectively, when compared with the controls ([Fig. 6B](#f6-or-41-05-2703){ref-type="fig"}). However, the number of living cells was more than twice greater under anoxic conditions, alone or with 10 µM ZKK-3 when compared with normoxia.

Following an incubation of 24 h under normoxic and hypoxic conditions, the number of T98G cells significantly decreased with 25 and 50 µM ZKK-3 treatment ([Fig. 7A](#f7-or-41-05-2703){ref-type="fig"}). With 25 and 50 µM ZKK-3 treatment, cell numbers were significantly reduced to 80 and 40% of vehicle control under standard conditions, and to 88 and 52% of vehicle control under hypoxia, respectively. In control groups, cell viability was significantly reduced under hypoxia compared with normoxia, whereas no significant differences were observed in cells with ZKK-3 supplementation under hypoxia compared with normoxia. Following 48 h of incubation, the cell viability under normoxia was significantly diminished following treatment with 10, 25 and 50 µM ZKK-3 (by 25, 13 and 51%, respectively) when compared with the control, whereas cell viability under hypoxia was significantly decreased only when cells were treated with 50 µM ZKK-3 (by 68%) when compared with the control ([Fig. 7B](#f7-or-41-05-2703){ref-type="fig"}). Notably, under hypoxia the cell viability was significantly increased at 25 µM ZKK-3 when compared with the respective control. Compared with normoxic conditions, the number of cells under hypoxia was significantly reduced by 10% without ZKK-3 application, and 41% reduced with application of 50 µM ZKK-3. However, the number of cells under hypoxia was significantly elevated following application of 10 and 25 µM ZKK-3 when compared with normoxia conditions.

Under normoxic and HBO conditions at 24 h, GBM cell viability was significantly decreased with 25 µM ZKK-3 treatment (by 19 and 24%, respectively), as well as 50 µM ZKK-3 treatment (40 and 71%, respectively) compared with the controls ([Fig. 8A](#f8-or-41-05-2703){ref-type="fig"}). Furthermore, a statistically significant difference of 52% was observed between the decrease of the number of cells in normoxic compared with HBO conditions when using the highest ZKK-3 concentration. Extending the ZKK-3 exposure time to 48 h resulted in a significant reduction of cell viability to 80 and 58% of control under normoxia with 25 and 50 µM ZKK-3, respectively, and to 82, 68 and 37% of control under HBO with 10, 25, and 50 µM, respectively ([Fig. 8B](#f8-or-41-05-2703){ref-type="fig"}). The number of living cells was significantly reduced by 19 and 37% with 25 and 50 µM ZKK-3, respectively, under HBO compared with normoxic conditions.

In the 24 h experiment, T98G cell viability was significantly decreased with 25 and 50 µM ZKK-3 under hypoxia (decreases of 31 and 73%, respectively), and with 10, 25 and 50 µM ZKK-3 under HBO (decreases of 21, 40 and 77%, respectively) when compared with the controls. In the HBO group, the number of living cells was lower than that in the hypoxia group, with decreases of 19% in the control groups, and of 17 and 19% when cells were treated with 10 and 25 µM ZKK-3, respectively. Similar alterations were observed in 48 h incubations with ZKK-3 ([Fig. 9B](#f9-or-41-05-2703){ref-type="fig"}). Under hypoxia, cell viability significantly decreased with 25 and 50 µM ZKK-3 treatment (by 12 and 80%, respectively) compared with the control. By contrast, under HBO conditions, the living cell number was significantly diminished following the application of 10, 25 and 50 µM ZKK-3 (by 26, 18 and 79%, respectively) compared with the control. Compared with hypoxia, cell viability under HBO conditions was diminished by 28 and 12% with 10 and 25 µM ZKK-3.

### Expression levels of HIF-1α

HIF-1α expression levels in lysates of cells cultured without ZKK-3 were analyzed. It was identified that the HIF protein expression levels were significantly increased under hypoxia (287%), HBO (56%), and hypoxia/hypoxia (346%) compared with cells under normoxia ([Fig. 10](#f10-or-41-05-2703){ref-type="fig"}). Under hypoxia/hypoxia, protein expression was also increased with the addition of 10 and 50 µM ZKK-3 (by 78 and 194%, respectively) compared with the respective normoxia groups. Furthermore, significantly decreased HIF-1α expression was observed in cells exposed to hypoxia/HBO with 25 and 50 µM ZKK-3 (by 33 and 68%, respectively) when compared with the respective normoxia groups. Significantly decreased levels of HIF-1α were also indicated for cells under hypoxia/hypoxia at 25 µM ZKK-3 when compared with normoxia. HBO alone caused the protein expression level to significantly decrease by 60% relative to hypoxia without ZKK-3 treatment; however, decreases observed with ZKK-3 treatment were not statistically significant. Notably, HIF-1α expression was significantly reduced under hypoxia/HBO compared with hypoxia/hypoxia in control groups (64%) and cells treated with 10 and 50 µM ZKK-3 (45 and 89%, respectively).

### Expression levels of PKD1 and its phosphorylated forms

In GBM cells under short-term and long-term hypoxia, PKD1 expression levels were similar or marginally reduced compared with cells under normoxia in control and ZKK-3-treated groups ([Fig. 11A](#f11-or-41-05-2703){ref-type="fig"}). However, PKD1 expression levels were increased in cells under HBO and hypoxia/HBO conditions compared with normoxia when 0 and 50 µM ZKK-3 was applied. ZKK-3 at 25 and 50 µM seemed to decrease PKD1 levels under all examined oxygen conditions, compared with the controls. However, differences in total PKD1 expression levels in T98G cells under different oxygen conditions and ZKK-3 treatments were not statistically significant ([Fig. 11B](#f11-or-41-05-2703){ref-type="fig"}).

Increasing ZKK-3 concentrations were associated with decreasing pPKD1 (Ser 916) expression levels, regardless of the oxygen conditions ([Fig. 12A](#f12-or-41-05-2703){ref-type="fig"}). In control groups (0 µM ZKK-3), compared with the normoxia group, there were significant reductions of pPKD1 (Ser 916) expression levels in cells under hypoxia, HBO and hypoxia/hypoxia ([Fig. 12B](#f12-or-41-05-2703){ref-type="fig"}). Following the addition of 50 µM ZKK-3, pPKD1 (Ser 916) expression levels were reduced under hypoxia-hypoxia and elevated under hypoxia/HBO when compared with normoxia. Notably, there were no significant differences between cells cultured under hypoxia and HBO conditions. However, treatment with 50 µM ZKK-3 yielded a statistically significant decrease in pPKD1 (Ser 916) expression under all examined oxygen conditions compared with the respective controls: 59% for normoxia, 44% for hypoxia, 45% for HBO, 68% for hypoxia/hypoxia and 50% for hypoxia/HBO. However, the phospho/total ratio of pPKD1 demonstrated a significant reduction of expression in the control groups (0 µM ZKK-3). In addition, pPKD1 expression was decreased under hypoxia/hypoxia and hypoxia/HBO at 50 µM ZKK-3 ([Fig. 12C](#f12-or-41-05-2703){ref-type="fig"}).

Western blot analysis revealed that hypoxia and HBO conditions resulted in significantly increased pPKD1 (Ser 744/748) expression levels compared with normoxia, in both control and ZKK-3-treated T98G cells ([Fig. 13A](#f13-or-41-05-2703){ref-type="fig"}). pPKD1 (Ser 744/748) expression level seemed similar compared with controls (0 µM ZKK-3) following treatment with lower ZKK-3 concentrations under all oxygen conditions; however, 50 µM ZKK-3 led to marked elevation irrespective of oxygen conditions. Statistical analysis revealed that the pPKD1 (Ser 744/748) expression level increased under the influence of oxygen pressure changes compared with normoxia; however, the change was only significant under hypoxia/HBO in control groups, which indicated a nearly 2.5-fold rise ([Fig. 13B](#f13-or-41-05-2703){ref-type="fig"}). No significant differences were observed between cells precultured under the same oxygen conditions with different ZKK-3 treatment, with the exception of cells treated with 50 µM ZKK-3, which resulted in statistically significant increase of pPKD1 (Ser 744/748) expression level under normoxia (158%) and hypoxia (133%) compared with the respective controls. This was confirmed when analyzing the phospho/total ratio of pPKD1. The treatment of 50 µM ZKK-3 was associated with significant increase of pPKD1 (Ser 744/748) expression in all oxygen conditions except hypoxia/HBO compared with the controls ([Fig. 13C](#f13-or-41-05-2703){ref-type="fig"}).

Discussion
==========

The medical treatment of patients with GBM remains challenging as multiple treatment approaches do not provide satisfactory therapeutic effects ([@b2-or-41-05-2703],[@b5-or-41-05-2703],[@b6-or-41-05-2703]). Therefore, intensive research is focused on developing novel treatment strategies. S-benzylisothiourea derivatives have been investigated, with *in vitro* results validating their proapoptotic and cytotoxic properties against various neoplastic cells, including several types of leukemia ([@b20-or-41-05-2703],[@b21-or-41-05-2703]), prostate adenocarcinoma ([@b22-or-41-05-2703]) and glioma ([@b19-or-41-05-2703],[@b26-or-41-05-2703]). Furthermore, compounds from this group have demonstrated greater cytotoxicity against human glioblastoma cells *in vitro* compared with the clinically used compound temozolomide ([@b26-or-41-05-2703]). However, ZKKs (including ZKK-3) also demonstrated cytotoxic activity against normal human astrocytes *in vitro* ([@b26-or-41-05-2703]), and this effect should therefore be taken into account when considering anticancer therapy. The cytotoxic effect of ZKKs towards normal glial elements of brain tissue could be eliminated by modern methods of precise and direct delivery of compounds to the tumor tissue. Notably, the present results demonstrated that treatment with ZKK-3 dose dependently resulted in the reduction of T98G proliferation and viability.

Numerous studies have revealed that poor tumor tissue oxygenation is a pivotal factor in the development of malignancies, including gliomas, and can foster radiotherapy and chemotherapy resistance ([@b7-or-41-05-2703],[@b8-or-41-05-2703],[@b27-or-41-05-2703]). The present results demonstrated that anoxia resulted in significantly reduced cell growth compared with normoxia. Under anaerobic conditions, GBM cell proliferation declined following ZKK-3 administration; however, this decrease was not as severe when compared with standard conditions. Notably, cell viability was significantly increased in control and experimental groups under anoxia compared with normoxia. Under anoxic conditions, significant cytotoxic effects were only observed with higher ZKK-3 doses or prolonged exposure. These findings may indicate that, despite the impact of anoxia on cell proliferation, the cell viability can be ameliorated by low oxygen conditions, possibly due to activation of HIF-1α adaptive responses. Independent of these discrepancies, the present results suggest that oxygen deprivation impaired the antitumor properties of ZKK-3. However, relevant data from the literature are somewhat contradictory. Liang ([@b28-or-41-05-2703]) also reported that GBM cells are less sensitive to several chemotherapeutics under anaerobic conditions. By contrast, Papandreou *et al* ([@b29-or-41-05-2703]) revealed decreased viability and higher apoptotic potential of various tumor cell lines under anoxia.

In the present study, hypoxia alone caused a slight reduction of T98G cell line viability, but did not change GBM cell proliferation relative to normoxia. A statistically significant reduction of the number of GBM cells was observed following treatment with 25 and 50 µM ZKK-3, regardless of the oxygen conditions. However, following incubation with 50 µM ZKK-3, cell proliferation was significantly higher under low oxygen concentration compared with standard conditions. Furthermore, under hypoxia, only high-dose ZKK-3 (50 µM) significantly reduced T98G cell viability compared with normoxia after 2 days of exposure. After 48 h of incubation with 10 and 25 µM ZKK-3, cell viability was higher under low-oxygen conditions compared with that under normoxia. The present results support the conclusion that prolonged exposure to hypoxia significantly reduced the sensitivity of neoplastic cells to ZKK-3 within a certain concentration range. Following long-term incubation with 50 µM ZKK-3, inhibition of its cytotoxic effects under hypoxia was no longer indicated.

Notably, Osawa *et al* ([@b30-or-41-05-2703]) did not identify altered T98G GBM cell growth following exposure to hypoxia conditions. Furthermore, proliferation of spheroid-building cells is reportedly similar between low-oxygen environments and normoxia ([@b31-or-41-05-2703]). Studies conducted using a human prostate cancer cell line suggest that hypoxia significantly reduces cell viability and migration ([@b32-or-41-05-2703]). However, the authors observed that oxygen deficiency also promoted the chemotherapy resistance of tumor cells. This association between the hypoxic tumor environment and drug resistance has also been documented in other malignancies *in vitro* ([@b33-or-41-05-2703],[@b34-or-41-05-2703]). Overall, these studies suggest that hypoxia can either impair or promote the antitumor properties of chemotherapeutics, depending on the type of cytotoxic compound and the tumor cell line ([@b33-or-41-05-2703],[@b35-or-41-05-2703]). Previous results have also demonstrated the reduction of GBM cell sensitivity to radiotherapy in a low-oxygen environment ([@b36-or-41-05-2703]).

It has been postulated that HBO may be a promising method of improving tissue oxygenation ([@b14-or-41-05-2703]--[@b16-or-41-05-2703]); however, some reports suggest that aggressive HBO treatment, different from our protocol, may promote tumor progression ([@b37-or-41-05-2703],[@b38-or-41-05-2703]). The present results suggested that HBO applied alone did not significantly alter the number and viability of the GBM cell line relative to standard or oxygen-deficiency conditions. However, combined application of ZKK-3 and HBO resulted in significantly reduced proliferation and viability of T98G cells compared with cells under normoxia and hypoxia. It is noteworthy that hypoxia corresponds to the physiological conditions of tumor tissue *in vivo*. Notably, cells demonstrated higher sensitivity to ZKK-3 under HBO compared with hypoxia, irrespective of the duration of exposure. Under the influence of HBO, a significantly decreased number of living GBM cells was observed, even at lower ZKK-3 concentrations and after reduced exposure time to ZKK-3/HBO.

Data from the literature suggest that HBO administration can significantly improve the effectiveness of standard antitumor procedures, including chemotherapy and radiotherapy ([@b16-or-41-05-2703],[@b39-or-41-05-2703]--[@b41-or-41-05-2703]). Results indicate that HBO can enhance the cytotoxic effect of various chemotherapeutic agents towards various types of tumors *in vivo* and *in vitro* ([@b42-or-41-05-2703]--[@b45-or-41-05-2703]). Such combined therapy seems to be particularly promising in gliomas. Sun *et al* ([@b46-or-41-05-2703]) demonstrated that maintaining a GBM cell line under hyperoxic conditions, even under normobaric pressure, increases its sensitivity to the commonly used compound temozolomide. HBO used as an adjuvant to temozolomide significantly inhibits GBM cell growth *in vitro* and increases apoptosis ([@b47-or-41-05-2703]). HBO-induced improvement of the antiproliferative properties of temozolomide has also been observed in GBM *in vivo* ([@b48-or-41-05-2703]). Similar results are reported following treatment with combined HBO and nimustine in a mouse model of glioma ([@b49-or-41-05-2703]). Clinical trials of glioma treatment using HBO combined with radiotherapy and chemotherapy have also produced encouraging results, including regression of tumor growth and prolonged patient survival ([@b50-or-41-05-2703]--[@b54-or-41-05-2703]).

HIF-1 is crucial in regulating tumor cell adaptations to hypoxic conditions, which further contributes to their treatment resistance ([@b8-or-41-05-2703],[@b11-or-41-05-2703],[@b12-or-41-05-2703]). Zhou *et al* ([@b55-or-41-05-2703]) examined HIF expression in tumor cells of various origins *in vitro* under different oxygen conditions. The study concluded that reduced oxygen partial pressure led to increased HIF levels in all examined cell lines. Other investigators have also reported enhanced expression levels of HIF-1α and its downstream genes (vascular endothelial growth factor, glucose transporter 1, glucose transporter 3 and pyruvate dehydrogenase kinase 1) under hypoxia compared with standard conditions ([@b33-or-41-05-2703],[@b56-or-41-05-2703]). Furthermore, Liu *et al* ([@b57-or-41-05-2703]) identified that higher HIF-1α levels promoted the development of drug resistance and survival in cancer cell lines. Additionally, HIF-1α reportedly leads to increased levels of multidrug resistance protein 1 and antiapoptotic genes (B-cell lymphoma-2), along with decreased expression of the proapoptotic B-cell lymphoma-2 associated X protein. Furthermore, survivin, an inhibitor of apoptosis, is expressed in the majority of cancer cells and may contribute to the anticancer therapy resistance ([@b58-or-41-05-2703],[@b59-or-41-05-2703]). The role of survivin in glioma progression was evaluated and its association with poorer prognosis was suggested ([@b60-or-41-05-2703]). As inhibition of ionizing radiation resistance of human T98 GBM cells after survivin gene silencing has been documented ([@b61-or-41-05-2703]), the involvement of survivin on the effect of ZKKs or ZKK-3 should be clarified in the future. Notably, hypoxic conditions promote greater HIF-1α expression in GBM ([@b36-or-41-05-2703],[@b62-or-41-05-2703]). Furthermore, numerous studies suggest elevated HIF activity in GBM under normoxic conditions, which is further enhanced under hypoxia ([@b8-or-41-05-2703],[@b55-or-41-05-2703],[@b63-or-41-05-2703]).

Efforts have been made to reduce HIF-1α expression using specific inhibitors or small interfering RNA silencing ([@b64-or-41-05-2703],[@b65-or-41-05-2703]). Unfortunately, few studies have examined the influence of HBO on these protein expression levels in tumor cells. Notably, some data indicate that oxygenation may help decrease HIF levels ([@b49-or-41-05-2703],[@b66-or-41-05-2703]). However, other reports have demonstrated that HBO exerts no effect or even promotes HIF-1α expression ([@b37-or-41-05-2703],[@b67-or-41-05-2703],[@b68-or-41-05-2703]). Thus, the issue remains controversial. The present results indicated that the HIF-1α protein expression level in T98G cells was dependent on the oxygen conditions. Under hypoxia and no ZKK-3 treatment, HIF-1α expression was significantly elevated compared with normoxia. A prolonged duration of oxygen deficiency (preincubation under hypoxia prior to ZKK-3 administration, i.e., hypoxia/hypoxia) resulted in an even greater increase of HIF-1α expression. Notably, HIF-1α expression under hypoxia/HBO was significantly suppressed relative to hypoxia/hypoxia without ZKK-3 and with 10 and 50 µM ZKK-3 treatment. The elevated HIF-1α protein level under hypoxia and its reduction under HBO suggest that HBO may reduce treatment resistance of neoplastic cells.

Abnormal PKD1 activity serves important roles in various malignancies ([@b69-or-41-05-2703]). Therefore, numerous studies have been undertaken to develop effective suppressors of this kinase in various tumor cells ([@b70-or-41-05-2703]--[@b72-or-41-05-2703]). Unfortunately, the developed PKD1 inhibitors exhibit poor selectivity. Koronkiewicz *et al* ([@b21-or-41-05-2703],[@b22-or-41-05-2703]) reported that 10 µM ZKK-3 may inhibit PKD1 expression by \~70% in human cell lines of prostate adenocarcinoma and acute myelogenous leukemia. However, their reports do not provide detailed information regarding the duration of incubation with ZKK-3, or whether the results are associated with the total kinase level or only to the level of its non-phosphorylated form. Other research performed in the T98G cell line indicates that a 48-h incubation with 10 µM ZKK-3 does not alter PKD1 expression, but significantly decreases the expression level of pPKD1 (Ser 916) ([@b26-or-41-05-2703]). The present results indicated that ZKK-3 did not significantly change the expression of total PKD1 in GBM cells *in vitro*. However, 24 h incubation with 50 µM ZKK-3 resulted in a statistically significant decrease of the phosphorylated form of pPKD1 (Ser 916) and increased the level of pPKD1 (Ser 744/748) compared with the respective controls. Therefore, it seems possible that ZKK-3 prevented PKD1 phosphorylation at Ser 916, resulting in a reduction of pPKD1 (Ser 916) and accumulation of pPKD1 (Ser 744/748).

Generally, the expression levels of PKD1 and its phosphorylated forms were not significantly different in T98G cells under different oxygen conditions, including those under HBO, in the control and in ZKK-3-treated groups. This suggests that modulation of PKD1 activity may not be a leading mechanism underlying the cytotoxic activity of ZKK-3 combined with HBO. However, it is noteworthy that hypoxia/HBO tended to reduce the increase of the level of pPKD1 (Ser 744/748) normalized to total PKD1 (pPKD1/total PKD1 ratio) at 50 µM ZKK-3. Previous studies investigating the influence of the oxygenation state of cells on PKD1 expression have produced ambiguous results. Some indicate that hypoxia conditions result in PKD1 phosphorylation and activation ([@b73-or-41-05-2703]--[@b75-or-41-05-2703]), while others report no significant changes in the expression of this kinase ([@b73-or-41-05-2703],[@b76-or-41-05-2703]).

In conclusion, application of HBO significantly reduced the proliferation of malignant GBM cells *in vitro*, and increased their sensitivity to the isothiourea derivative ZKK-3. The beneficial cytotoxic effects of ZKK-3/HBO could be achieved using lower concentrations of ZKK-3 and reduced exposure time. The decreased level of HIF-1α protein expression under HBO suggests that HBO improved cell oxygenation, and thus may help reduce tumor cell resistance to cytostatic compounds. Although ZKK-3 exhibited inhibitory properties against pPKD1 (Ser 916) kinase, various oxygen conditions, including hyperbaric oxygenation, did not influence the expression of PKD1 or its phosphorylated forms. Overall, the present findings suggest that the combination of ZKK-3 and HBO may be a promising therapeutic approach for the treatment of brain tumors with the highest grade of histological malignancy. Further studies are required to investigate this possibility.
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GBM

:   glioblastoma

HBO

:   hyperbaric oxygen therapy

HIF-1α

:   hypoxia-inducible factor-1α

PKD1

:   protein kinase D1

T98G

:   human glioblastoma cell line

ZKKs

:   pentabromobenzyl-isothioureas

ZKK-3

:   N,N′-dimethyl-S-(2,3,4,5,6- pentabromobenzyl)-isothiouronium bromide

![Structure of N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)- isothiouronium bromide.](OR-41-05-2703-g00){#f1-or-41-05-2703}

![Growth of T98G cells following 24 h of incubation with ZKK-3 under normoxia or anoxia. (A and B) Influence of normoxia and anoxia on the proliferation of T98G cells following 24 h of incubation with ZKK-3. Scale bar=500 µm. \*\*\*P\<0.001 vs. control under normoxia; ^\#\#\#^P\<0.001 vs. control under anoxia; ^†^P\<0.05 as indicated. ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g01){#f2-or-41-05-2703}

![Growth of T98G cells following 24 h of incubation with ZKK-3 under normoxia or hypoxia. (A and B) Influence of normoxia and hypoxia on the proliferation of T98G cells following 24 h of incubation with ZKK-3. Scale bar=500 µm. \*P\<0.05 and \*\*\*P\<0.001 vs. control under normoxia; ^\#^P\<0.05 and ^\#\#\#^P\<0.001 vs. control under hypoxia; ^†^P\<0.05 as indicated. ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g02){#f3-or-41-05-2703}

![Growth of T98G cells following 24 h of incubation with ZKK-3 under normoxia or HBO. (A and B) Influence of normoxia and HBO on the proliferation of T98G cells following 24 h of incubation with ZKK-3. Scale bar=500 µm. \*\*\*P\<0.001 vs. control under normoxia; ^\#\#\#^P\<0.001 vs. control under HBO; ^†††^P\<0.001 as indicated. HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g03){#f4-or-41-05-2703}

![Growth of T98G cells following 24 h of incubation with ZKK-3 under hypoxia or HBO. (A and B) Influence of hypoxia and HBO on the proliferation of T98G cells following 24 h of incubation with ZKK-3. Scale bar=500 µm. \*\*\*P\<0.001 vs. control under hypoxia; ^\#\#\#^P\<0.001 vs. control under HBO; ^†^P\<0.05 and ^†††^P\<0.001 as indicated. HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g04){#f5-or-41-05-2703}

![Viability of T98G cells treated with ZKK-3 under normoxia and anoxia. Influence of normoxia and anoxia on the viability of T98G cells following (A) 24 h and (B) 48 h of incubation with ZKK-3. \*\*\*P\<0.001 vs. control under normoxia; ^\#\#\#^P\<0.001 vs. control under anoxia; ^†^P\<0.05, ^††^P\<0.01 and ^†††^P\<0.001 as indicated. ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g05){#f6-or-41-05-2703}

![Viability of T98G cells treated with ZKK-3 under normoxia and hypoxia. Influence of normoxia and hypoxia on the viability of T98G cells following (A) 24 h and (B) 48 h of incubation with ZKK-3. \*\*\*P\<0.001 vs. control under normoxia; ^\#^P\<0.05 and ^\#\#\#^P\<0.001 vs. control under hypoxia; ^†^P\<0.05, ^††^P\<0.01 and ^†††^P\<0.001 as indicated. ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g06){#f7-or-41-05-2703}

![Viability of T98G cells treated with ZKK-3 under normoxia and HBO. Influence of normoxia and HBO on the viability of T98G cells following (A) 24 h and (B) 48 h of incubation with ZKK-3. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. control under normoxia; ^\#^P\<0.05 and ^\#\#\#^P\<0.001 vs. control under HBO; ^†^P\<0.05 and ^†††^P\<0.001 as indicated. HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g07){#f8-or-41-05-2703}

![Viability of T98G cells treated with ZKK-3 under hypoxia and HBO. Influence of hypoxia and HBO on the viability of T98G cells following (A) 24 h and (B) 48 h of incubation with ZKK-3. \*\*P\<0.01 and \*\*\*P\<0.001 vs. control under in hypoxia; ^\#\#\#^P\<0.001 vs. control under HBO; ^†^P\<0.05 and ^†††^P\<0.001 as indicated. HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g08){#f9-or-41-05-2703}

![Expression of HIF-1α in T98G cells treated with ZKK-3. Impact of different oxygen conditions on the expression of HIF-1α protein in T98G cells following 24 h of incubation with ZKK-3 was determined using an ELISA assay. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 as indicated; ^\#^P\<0.05 and ^\#\#\#^P\<0.001 as indicated. HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide; HIF-1α, hypoxia-inducible factor-1α.](OR-41-05-2703-g09){#f10-or-41-05-2703}

![Expression of PKD1 in T98G cells treated with ZKK-3. (A) Expression of PKD1 kinase in T98G cells treated with ZKK-3 and different oxygen conditions was determined using western blot analysis. (B) Impact of ZKK-3 and different oxygen conditions on the expression of PKD1 kinase in T98G cells following 24 h of incubation. Normoxia at 0 µM ZKK-3 represents a reference level of PKD1 expression. PKD1, protein kinase D1; HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g10){#f11-or-41-05-2703}

![Expression of pPKD1 (Ser 916) in T98G cells treated with ZKK-3 following 24 h of incubation. (A) Expression of pPKD1 (Ser 916) kinase in T98G cells treated with ZKK-3 and different oxygen conditions was determined using western blot analysis. (B) Impact of ZKK-3 and different oxygen conditions on the expression of pPKD1 (Ser 916) kinase. (C) Impact of ZKK-3 and different oxygen conditions on the expression of pPKD1 (Ser 916) kinase calculated as pPKD1(Ser 916)/total PKD1 ratio. Normoxia at 0 µM ZKK-3 represents a reference level of pPKD1 (Ser 916) expression. \*P\<0.05 and \*\*P\<0.01 vs. control under corresponding oxygen conditions; ^\#^P\<0.05 and ^\#\#^P\<0.01 as indicated. pPKD1, phosphorylated protein kinase D1; HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g11){#f12-or-41-05-2703}

![Expression of pPKD1 (Ser 744/748) in T98G cells treated with ZKK-3 in T98G cells following 24 h of incubation. (A) Expression of pPKD1 (Ser 744/748) kinase in T98G cells treated with ZKK-3 and different oxygen conditions was determined using western blot analysis. (B) Impact of ZKK-3 and different oxygen conditions on the expression of pPKD1 (Ser 744/748) kinase. (C) Impact of ZKK-3 and different oxygen conditions on the expression of pPKD1 (Ser 744/748) kinase calculated as pPKD1(Ser 744/748)/total PKD1 ratio. Normoxia at 0 µM ZKK-3 represents a reference level of pPKD1 (Ser 744/748) expression. \*P\<0.05 vs. control under corresponding oxygen conditions; ^\#^P\<0.05 as indicated. pPKD1, phosphorylated protein kinase D1; HBO, hyperbaric oxygen; ZKK-3, N,N′-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothiouronium bromide.](OR-41-05-2703-g12){#f13-or-41-05-2703}
